Purpose: Carbon ion beams have several physical and biological advantages compared with conventional radiation for cancer therapy. The objective of this study is to evaluate the safety and effectiveness of 2-fraction carbon ion radiation therapy (CIRT) in patients with hepatocellular carcinoma (HCC). Methods and Materials: Between December 2008 and March 2013, 57 patients with localized HCC were treated with CIRT at a total dose of 45 Gy (relative biological effectiveness) in 2 fractions and retrospectively analyzed after long-term observation. The main endpoints of this study were treatment-related toxicity and local tumor control. Toxicity was assessed using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. Changes in the Child-Pugh score from before to after CIRT were also examined to evaluate hepatic toxicity. Local control was defined as no progression of the irradiated lesion according to the modified Response Evaluation Criteria in Solid Tumors. Results: The median age of the patients was 75 years (range, 49-89 years). Of these patients, 41 had a newly diagnosed lesion, and 16 had residual or recurrent lesions after previous treatments. The median follow-up duration was 54 months (range, 7-103 months). All surviving patients were followed for more than 51 months. Two patients experienced grade 3 acute skin reactions, but no other grade 3 or higher toxicities were observed in any organ. No patient exhibited an increase in the Child-Pugh score of 2 or more points after CIRT. The local tumor control rates at 1, 3, and 5 years were 98%, 91%, and 91% after CIRT, respectively. All lesions that failed to respond to previous treatments were successfully controlled by CIRT. The 1-, 3-, and 5-year overall survival rates were 97%, 67%, and 45%, respectively. Conclusions: Two-fraction CIRT was a well-tolerated and effective treatment for patients with HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide, and the incidence of HCC varies widely according to geographic location. 1 Eastern Asia, including Japan, has one of the highest incidences of HCC. The majority of patients with HCC have chronic hepatitis B or C viral infection, and many already have liver dysfunction at the time of HCC diagnosis. In addition, they require repeated anticancer treatments due to multifocal carcinogenesis of HCC. Therefore, minimizing treatment invasiveness and improving therapeutic effectiveness are important for the treatment of HCC.
Historically, the role of radiation therapy in the treatment of liver tumors was limited in terms of radiation-induced hepatic insufficiency caused by wholeliver irradiation. 2, 3 However, recent progress in the development of irradiation devices and technology has enabled highly localized irradiation, thereby reducing the degree of toxicity, [4] [5] [6] and has spurred advances in radiation therapy research for liver cancers. 7 Carbon ion beams have several physical and biological advantages compared with conventional radiation used for cancer therapy. 8, 9 We have been using carbon ion beams for the treatment of HCC at the National Institute of Radiological Sciences (NIRS) in Japan since 1995. 10 Four clinical studies were carried out to determine the optimal dose of carbon ion radiation therapy (CIRT) based on a dose-escalating protocol with 5 different fractionation schedules, using 15, 12, 8, 4 , and 2 fractions. [10] [11] [12] Most of the patients enrolled in these studies were not amenable to, or experienced recurrence after, previous treatments or had no prospect of an adequate treatment effect with any existing therapy. There were no severe adverse events with any of the fractionation treatments, and the duration of treatment was safely reduced from 5 weeks to 2 days. However, after longterm observation in the last phase 1/2 clinical trial of 2fraction CIRT using a dose of 38.8 Gy (relative biological effectiveness [RBE]) or less, the local control rate was not as good as those of previous clinical trials. We speculated that the inferior local control rate was attributed to an inadequate dose. Thus, we gradually escalated the dose up to 45 Gy (RBE) and found in a preliminary analysis that the antitumor effect tended to improve. 13 The objective of this retrospective study was to confirm the safety and effectiveness of high-dose (45 Gy [RBE]) 2-fraction CIRT in patients with HCC after longterm observation.
Methods and Materials Patients
Patients who underwent 2-fraction CIRT at a dose of 45 Gy (RBE) and met the following conditions were analyzed in this study: (1) pathologically proven HCC or a clinical diagnosis of HCC by triphasic (arterial, portal, and delayed) dynamic contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI); (2) a solitary tumor or multiple tumors that were all treated within a single target volume as a whole; (3) no other active HCC; (4) Child-Pugh grade A or B liver function; (5) no tumor invasion into the main trunk of the portal vein or inferior vena cava; (6) tumors located more than 1 cm away from the digestive tract; (7) Eastern Cooperative Oncology Group performance status of 0 to 2; (8) no uncontrolled ascites; and (9) no other active cancers.
This study was conducted in accordance with the ethical standards set forth by the Declaration of Helsinki and was approved by the NIRS Ethics Committee on Human Clinical Research. Written informed consent for the treatment and follow-up study was obtained from all patients and their relatives before treatment.
Carbon ion radiation therapy
Before treatment planning, 1 or 2 metal markers, as landmarks for the target location, were implanted percutaneously into the hepatic parenchyma near the tumor under ultrasound imaging guidance. A customized cradle (Moldcare; Alcare, Tokyo, Japan) and a low-temperature thermoplastic sheet (Shellfitter; Kuraray, Osaka, Japan) were used for immobilization of patients to position the patient accurately. After immobilization, planning CT images were acquired using a respiratory gating system. 14 Three-dimensional treatment planning using expiratory phase, 2.5 mm thick CT images was performed using the HIPLAN software program (NIRS, Chiba, Japan) 15 or XiO-N (ELEKTA, Stockholm, Sweden and Mitsubishi Electric, Tokyo, Japan).
The gross target volume was identified as disease by contrast-enhanced CT or contrast-enhanced MRI. The clinical target volume was defined as the gross target volume plus a 5-mm margin to compensate for subclinical microscopic disease. The planning target volume (PTV) was defined as the clinical target volume plus a 5-mm margin to compensate for interfraction and intrafraction variations. For targets just below the diaphragm, we devised the treatment volume by projecting structures involving the liver on caudal-slice CT images so that the distal edge of the spread-out Bragg peak would reliably cover the distal end of the PTV. To assess the accuracy of the patient's position and target localization, just before each treatment session, we obtained orthogonal 2directional x-ray images and matched the skeletal structure on digital reconstructed 2-dimensional radiographic images using treatment planning CT data and verified the location of fiducial markers and organs such as the diaphragm.
The accelerated energy of the carbon ion beams was 290 or 350 MeV vertically and 290 or 400 MeV horizontally, depending on the tumor location. Because beam ports are fixed horizontally and vertically, the patients were treated in a more favorable position (supine and/or prone) to minimize the volume of the liver irradiated and to meet the dose constraints for organs at risk (OARs), such as the gastrointestinal tract and skin. Furthermore, the treatment couch was tilted as needed. Carbon ion beams were delivered during the expiratory phase using the respiratory gating system. Radiation dose was expressed in gray (RBE), derived by multiplication of physical dose by the RBE of carbon ions beams. 5, 16 The prescribed dose was 45 Gy (RBE) in 2 fractions over 2 consecutive days. The dose constraints for OARs were as follows: a maximum dose to the gastrointestinal tract of 15 Gy (RBE) and a maximum dose to the skin of 30 Gy (RBE). The beams were delivered in combination via 2 or 3 ports. A typical dose distribution is shown in Figure 1 .
Follow-up and evaluation
After CIRT, patients were followed at least once every 3 months for the first 2 years and once every 3 to 6 months thereafter. Follow-up studies included history taking, physical examination, a complete blood count, blood chemistry analysis, and contrast-enhanced CT or MRI examinations. The main objectives of this study were to evaluate treatment-related toxicity and local tumor control. Intrahepatic recurrence and overall survival were also evaluated.
Toxicities were graded using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. Newly developed toxicities or toxicities that had increased in grade compared with baseline were considered adverse events. Acute toxicities were defined as adverse events occurring within 90 days and late toxicities as those occurring 91 days or later from the start of CIRT. The change in the Child-Pugh score from before to after CIRT was also determined to assess hepatic toxicity.
Local control was defined as freedom from local failure. Local failure was defined as progression of the irradiated lesion according to the modified Response Evaluation Criteria in Solid Tumors. 17 If progression of coexisting cirrhosis but no active HCC was observed at the time of death, the cause of death was defined as liver failure.
Statistical analysis
Local control and overall survival were calculated from the first day of CIRT using the Kaplan-Meier method. Statistical significance was defined as P < .05. Statistical analyses were performed using Stat View, version 5 (SAS Institute, Inc, Cary, NC). Figure 1 Dose distribution of carbon ion beams in a patient with hepatocellular carcinoma 8 cm in diameter in the right superior segment of the liver. Beams were delivered in combination with anterior and lateral ports (dose ratio 1:1) in the prone position. The yellow line represents the planning target volume, and the red, orange, pink, and green curves represent the 95%, 90%, 70%, and 50% isodose lines, respectively.
Results

Patient characteristics and follow-up
Between December 2008 and March 2013, 57 consecutive patients with HCC who met the eligibility criteria were included in this study. The pretreatment characteristics of all patients are presented in Table 1 . The patients consisted of 33 males and 24 females with a median age of 75 years (range, 49-89 years); 17 of the 57 patients (30%) were aged 80 years or older. Twenty-two patients (39%) had a history of treatment for HCC, including surgical resection (n Z 8), transcatheter arterial chemoembolization (TACE, n Z 14), and radiofrequency ablation (RFA, n Z 5). The degree of liver impairment was classified as Child-Pugh grade A in 51 patients and grade B in 6 patients. The median maximum tumor diameter was 33 mm (range, 13-95 mm), with 31 patients (54%) having a diameter greater than 30 mm. There were 41 patients (72%) with a newly diagnosed lesion and 16 (28%) with a residual or recurrent lesion after previous treatments, such as TACE and RFA. Forty-three patients (75%) were judged inappropriate for surgical resection and local ablation therapy for medical reasons, including insufficient liver function, comorbidities, and tumor location.
All patients completed the prescribed treatment. The median follow-up duration was 54 months (range, 7-103 months) for all patients and 73 months (range, 51-103 months) for the survivors. No patients were lost to followup at the time of analysis (end of December 2018).
Toxicity
The acute and late toxicities observed in this study are shown in Table 2 . Two patients who developed multiple recurrence in the liver and underwent TACE at 3 months after CIRT were excluded from the evaluation of late hepatic toxicities. No patient experienced grade 3 or higher treatment-related hepatic toxicities in either the acute or late phase. Two patients (4%) experienced grade 3 acute dermatitis with desquamation. These reactions were most prominent around 1 month after CIRT and improved to grade 1 skin pigmentation and grade 1 skin atrophy in the late phase. No other grade 3 or higher toxicity was seen in any organ in either the acute or late phase. One patient developed symptomatic rib fracture, which improved without any medication. No patient showed an increase of 2 or more points in the Child-Pugh score in either the acute or late phase after CIRT (Table 3) .
Local control and recurrence
Local failure was observed in 4 of 57 patients (7%) at 8, 18, 21, and 31 months after CIRT. The tumor diameters before CIRT in these 4 patients were 48, 23, 62, and 22 mm, respectively. Local failure was observed in 2 of 26 patients (8%) with tumors 3 cm or smaller in diameter and in 2 of 31 patients (7%) with tumors larger than 3 cm. These patients underwent salvage treatments for local recurrence. Of the 2 patients with a locally recurrent lesion larger than 3 cm in diameter, 1 received surgery and the other TACE. Of the 2 patients with a locally recurrent lesion 3 cm or smaller in diameter, 1 received RFA and the other repeat CIRT at a dose of 52.8 Gy (RBE) in 4 fractions, which we recommended in previous clinical trials. All 4 of these recurrent lesions were successfully controlled by salvage treatments. The patient who was re-treated with CIRT was alive without any treatment-related adverse events at the time of analysis 60 months after the second CIRT administration.
The local control rates at 1, 3, and 5 years for all patients were 98% (95% confidence interval [CI], 95%-100%), 91% (95% CI, 87%-95%), and 91% (95% CI, 87%-95%), respectively (Fig 2) . All 16 lesions that failed to respond to previous treatment were successfully Advances in Radiation Oncology: MarcheApril 2020 Two-fraction carbon ion RT for HCC controlled by CIRT with an acceptable toxicity, the same as that of untreated lesions. Intrahepatic recurrence outside of the irradiation field was seen in 38 of the 57 patients (67%). The intrahepatic recurrence-free rates at 1, 3, and 5 years were 77% (95% CI, 72%-83%), 43% (95% CI, 37%-50%), and 28% (95% CI, 21%-34%), respectively. The majority of the 38 patients who experienced intrahepatic recurrence underwent salvage treatments involving surgery, RFA, TACE, or CIRT. Four patients who showed localized out-of-field intrahepatic recurrence and were ineligible for other treatments were treated again with CIRT at a dose of 45 Gy (RBE) in 2 fractions. The cumulative dose in these 4 patients met the dose constraints for OARs described earlier, such as the digestive tract. These recurrent lesions were successfully controlled by the second round of CIRT without any severe toxicities. Distant metastasis was observed in 9 of the 57 patients (16%).
Survival
At the last follow-up, 23 of 57 patients were alive. Of the 34 patients who died, 21 died of HCC, and 6 died of hepatic failure. The remaining 7 patients died of nonhepatic causes, including other malignancies, ischemic cardiac disease, and pneumonia. Four of the 6 patients who died of hepatic failure experienced intrahepatic recurrence outside of the irradiation field after CIRT and received additional treatment; they died between 16 and 70 months after CIRT. The remaining 2 patients had no HCC progression and died of progression of coexisting liver cirrhosis at 43 and 53 months after CIRT, respectively. The overall survival rates of all 57 patents at 1, 3, and 5 years after CIRT were 97% (95% CI, 95%-100%), 67% (95% CI, 61%-74%), and 45%, (95% CI, 38%-51%) respectively (Fig 3) . The median overall survival was 56 months.
Discussion
During the past 2 decades, as a result of advanced technologies, use of radiation therapy in patients with liver cancer has been increasing rapidly. 7 To our knowledge, 2-fraction irradiation is the shortest radiation therapy schedule for HCC. In the present study, no severe treatment-associated complications occurred in the liver or any other organ with 2-fraction CIRT at a total dose of 45 Gy (RBE). Among all 57 patients, no grade 3 or higher hepatic toxicities were observed in either the acute or late phase. In the assessment of hepatic toxicity, no patient showed an increase in the Child-Pugh score of 2 or more points after CIRT. We reported previously that CIRT using various dose-fraction schedules caused only minor liver damage in patients with HCC. 10e12, 18, 19 The present study demonstrated that CIRT can be administered safely using a much shorter schedule and a relatively high dose if the lesion is not near the digestive tract. These results may be attributed to the unique characteristics of carbon ion beams, which can deliver a highly concentrated radiation dose to a small portion of the liver, with limited exposure to noncancerous tissues, more easily than can be done with conventional radiation therapy.
Local failure was observed in 4 of the 57 patients (7%) after long-term observation in this study. All local failures developed within 3 years after CIRT, and the 3 to 5-year local control rate was 91%. This result is comparable with those of previous clinical trials using 15, 12, 8 , and 4 fractions. 10, 11 Studies of patients with HCC treated with conformal radiation therapy and stereotactic body radiation therapy (SBRT) have demonstrated 2-or 3-year local control rates of 38% to 100% [20] [21] [22] and 82% to 100%, [23] [24] [25] [26] [27] respectively. In many of the studies of conformal radiation therapy for HCC, radiation therapy was delivered in more than 20 fractions and combined with TACE. Table 3 Child-Pugh score before and after carbon ion radiation therapy Score before CIRT Score after CIRT Acute phase (n Z 57) Late phase (n Z 55)* Abbreviation: CIRT Z carbon ion radiation therapy. * Two patients who developed multiple recurrence in the liver and underwent transcatheter arterial chemoembolization at 3 months after carbon ion radiation therapy were excluded from late phase evaluation. We have used CIRT alone over shorter schedules as a definitive treatment for HCC. [10] [11] [12] [13] SBRT is delivered in approximately 3 to 6 fractions for HCC treatment. [23] [24] [25] [26] [27] [28] SBRT mainly targets relatively small tumors. Takeda et al reported a 3-year local control rate of 96.3% in a phase 2 study of SBRT with or without TACE in patients with solitary HCC 4 cm or less in diameter. 27 In a retrospective study, Wahl et al reported that the rate of freedom from local progression for tumors 2 cm or larger was better with SBRT than with RFA. 28 The majority of the tumors were less than 3 cm in their study. Our present study included relatively large tumors, in that 54% of all tumors were larger than 3 cm in diameter, and the local control rate was not affected by tumor size.
Carbon ion beams and proton beams can deliver a high, concentrated dose to the target volume conformably while sparing the normal liver tissue, even for large tumors, compared with SBRT. 29 Studies of proton beam radiation therapy including large tumors also showed 2-or 3-year local control rates of 86% to 91% in patients with HCC. [30] [31] [32] Sugahara et al demonstrated a 2-year local control rate of 87% in patients with large HCC treated with proton beams at a median total dose of 72.6 Gy (RBE) in 22 fractions. 31 Fukumitsu et al reported a 5-year local control rate of 87.8% in a prospective study of hypofractionated proton beam therapy using 66 Gy (RBE) in 10 fractions. 32 To our knowledge, their treatment schedule is the shortest course of proton beam treatment that has been used for HCC.
Whereas the fractionation schedules were substantially different, the local control rates were similar between CIRT and proton beam radiation therapy. Our institute attempted to decrease the fraction number [11] [12] [13] because hypofractionation is theoretically advantageous with high linear energy transfer radiation such as carbon ion beams. As a result, this short 2-fraction CIRT course exerted an antitumor effect similar to that of conventionally fractionated proton therapy.
In this study, 30% of the patients were 80 years or older, with a median age of 75 years. Short-course radiation therapy may ease the physical and social burdens on patients, especially elderly patients. In addition, the local control rates after CIRT were the same for patients with residual or recurrent lesions after previous treatments and those with untreated lesions. CIRT seemed to be useful as a salvage treatment for local failure after previous treatments.
In contrast to the low incidence of local failure in the radiation field, the incidence of intrahepatic recurrence outside of the irradiation field was very high (67%). A high incidence of intrahepatic recurrence after curative treatment of HCC has also been reported by others. 33 This is a major problem for patients with HCC with chronic viral infections, especially hepatitis C. Recently, a metaanalysis showed that adjuvant interferon therapy after curative treatment prevents recurrence of HCC in patients with chronic viral infections. 34 In addition, direct-acting antivirals, newly developed antiviral agents that can eradicate hepatitis C virus, may reduce HCC development after curative treatment. It is also important to follow the treated patient properly to monitor the development of intrahepatic recurrence.
Charged particle therapies such as CIRT and proton therapy can often be applied safely to intrahepatic recurrent lesions after initial local treatment with radiation therapy. This may be one of the advantages of charged particle therapies over photon beam radiation therapy, possibly contributing to prolonged survival. In the present study, 5 patients who developed intrahepatic recurrence after CIRT were treated with CIRT again. All of their recurrent lesions were well controlled by the second administration of CIRT without any severe adverse events. Recently, Oshiro et al reported the feasibility and efficacy of repeated proton beam therapy for HCC in a retrospective analysis. 35 Figure 3 Overall survival rates of all patients. 
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In the present study, the overall survival rates after CIRT of patients with HCC were 97%, 67%, and 45% at 1, 3, and 5 years, respectively. Considering that the proportion of elderly patients who were not suitable for surgery or local ablation therapy was high in this study, these results suggest that 2-fraction CIRT is a minimally invasive therapeutic option even for elderly patients with HCC. Of the 34 patients who died, 27 died of liver-related causes (ie, HCC or hepatic failure). Antiviral therapy, which prevents progression of cirrhosis and development of HCC, may reduce liver-related deaths after curative HCC treatment in patients with chronic viral infections.
A limitation of our study was that it was single-institution study involving a small number of patients. However, all patients who met the inclusion criteria were treated with CIRT using a consistent radiation dose, and a sufficient follow-up period was included in the analysis. Additional studies involving larger cohorts are needed to confirm the results, and evaluation of the therapeutic indications based on intergroup analysis would be useful.
Based on the results of this study, we are now conducting another study on 2-fraction CIRT at an even higher dose than 45 Gy (RBE) using new technology involving a respiratory-gated scanning method, which can deliver a high, concentrated dose to the target conformably. 36 It is expected that toxicities in the surrounding tissues will be reduced with this technology. Furthermore, in the future, we plan to introduce treatment using a rotating gantry, which will make it easier to avoid organs at risk such as the gastrointestinal tract, and thus expansion of adaptation is expected.
Conclusions
High-dose 2-fraction CIRT is well tolerated and effective in patients with HCC, potentially even residual and recurrent lesions after previous treatments. Additional improvement of therapeutic outcomes is expected with the introduction of new therapeutic technologies in combination with new antiviral agents.
